Basal metabolic rate (BMR) in animals is interpreted as reflecting the size and metabolic intensity of energy-consuming tissues. However, studies investigating relationships between the mass of specific organs and interindividual variation in BMR have produced inconsistent patterns with regard to which organs have the largest impact on BMR variation. Because of the knovm flexibility in organ mass and metabolic intensity within individual organs, relationships between BMR and bodycomposition variables are bound to be context specific. Altricial nestlings are excellent models to illustrate this phenomenon because of the extreme variation in body composition occurring during growth. Using European starlings at three age classes, we studied changes in body composition together with its effect on variation in resting metabolic rate (RMR) in order to highlight the context-specific nature of these relationships. Our data suggest a transition in metabolic costs during growth in starling nestlings. During the linear phase of growth, energy is mainly consumed by tissue-synthesis processes, with fast-growing organs having a large influence on RMR. In the plateau phase of grovrth, the energy expenditure is transferred to functional costs, with high-intensity organs having a predominant effect on RMR variation. Our data illustrates the context-specific nature of organ mass-metabolic rate correlations, which complicates inter-and intraspecific comparisons of BMR. In the future, such comparisons must be done while taking the physiological state of the study animal into account.
Introduction
Basal metabolic rate (BMR) is routinely interpreted as the energy consumed by the metabolically active tissues of an organism under a defined set of experimental conditions (e.g., absence of growth, postabsorptiveness, resting state and ambient temperature within the zone of thermoneutrality; Kersten and Piersma 1987; Daan et al. 1990; Piersma et al.l996) . BMR therefore reflects the metabolic intensity of these tissues and may be positively correlated to the mass of certain organs if they have high energy consumption relative to other body components (e.g., heart, kidney; Schmidt-Nielsen 1984; Daan et al. 1990) . Accordingly, several studies have shown positive correlations between the mass of specific organs, the so-called metabolic machinery (Williams and Tieleman 2000) , and BMR in both birds and mammals (Daan et al. 1990; Konarzewski and Diamond 1995; Weber and Piersma 1996; Meerlo et al. 1997; Burness et al. 1998; Bech and Ostnes 1999; Chappeil et al. 1999; Hammon et al. 2000; Johnson et al. 2001; Selman et al. 2001) . However, to date there is no clear and consistent pattern emerging with regard to which organs have the greatest impact on variation in BMR (Williams and Vézina 2001) . This may partly be due to within-individual flexibility in organ mass (Piersma and Lindström 1997) as well as changes in metabolic intensity within individual organs (Selman and Evans 2005; Vézina and Williams 2005) . The combination of organs affecting variation in BMR at a specific time point is therefore likely to be determined by the physiological state of the animal at the time of measurement. This idea has fundamental implications for researchers interested in variation in BMR or those using BMR as a comparative reference for the energetic costs of specific activities (e.g., Drent and Daan 1980) because it implies that the relationship between body composition and BMR will always be context specific, therefore complicating both inter-and intraspecific comparisons.
Most studies examining the relationship between metabolic rate and body composition in wild birds have focused on adult (i.e., fully grown) individuals (but see Dietz et al. 1995; Bech and Ostnes 1999; Chappell et al. 1999; Moe et al. 2004 Moe et al. , 2005 . Although high levels of flexibility have been demonstrated in several organs for specific conditions in adult birds (Piersma and Lindström 1997) , postnatal growth in nestlings is associated with marked changes in the absolute and relative masses of all organs together with changes in metabolic rate (Ricklef 1979; Dunn and Brisbin 1980; Lilja 1983 Lilja , 1997 Klaassen and Drent 1991; Weathers and Siegel 1995) . In the contexts of phenotypic plasticity (i.e., irreversible growth trajectory in a specific trait; Piersma and Drent 2003) and flexibility (i.e., reversible individual trait change; Piersma and Drent 2003) , growing nestlings are therefore an excellent model to examine context-specific relationships between body composition and metabolic rate.
Altricial nestlings are characterized by rapid growth (Ricklefs 1973 (Ricklefs , 1979 Lilja 1983) . They are generally born with disproportionately large stomachs (O'Connor 1977; Ricklefs 1979 ; but see Ricklefs et al. 1998 ) and show a high organ growth rate early after hatch (Ricklefs 1979; Lilja 1982 Lilja ,1983 , especially for the digestive organs and liver (Ricklefs 1967; O'Connor 1977; Lilja 1982 Lilja , 1983 . Organ grovrth rate typically slows toward the end of the nestling period until the nestling reaches adult body composition (Ricklefs 1979; Lilja 1982 Lilja , 1983 . Therefore, one would predict that during early postnatal development, BMR of altricial species would reflect energy investment in fastgrowing and digestive organs (e.g., Lilja 1997) , while in fledglings, BMR would be affected more evenly by the ensemble of body constituents or a combination of organs similar to that found in adult individuals (see Table 1 in Piersma 2002) .
In this study, we compared interindividual variation in resting metabolic rate (RMR) with variation in body composition in altricial European starling {Sturnus vulgaris Linnaeus) nestlings at three ages: (a) 5 d old, the period of most rapid linear growth; {b) 11 d old, when nestlings enter the plateau phase of the grovrth curve; and (c) 20 d old, about 2-4 d before fledging ( Fig. 1 ). Although our measurement conditions are close to those defining BMR for adult animals (see "Material and Methods"), we worked with immature birds actively synthesizing new tissues, and our measurements were carried out during the day. We therefore consider the term RMR more appropriate for this study. Our specific objectives were to quantify the patterns of growth of the various body components and to determine how this relates to variability in RMR. More specifically, we investigated which organs were correlated with RMR at specific age stages and asked whether this changed depending on context, that is, the different stages of growth.
Material and Methods
The study was carried out at the Pacific Agri-Food Research Center in Agassiz, British Columbia, Canada (49°14'N, 121''46'W) during May 2001 under a Simon Fraser University animal care permit (657B-96) and following the guidelines of the Canadian Committee on Animal Care. About 175 nest boxes installed on telephone poles and farm buildings at this site were monitored daily during laying, incubation, and nestling provisioning to record clutch initiation, clutch size, and clutch mass and to mark and measure the nestlings. The nestlings collected for this study came from nests where adult females were kilted for body composition as part of another ejcperiment (Vézina and Williams 2003) . Taking only one nestling per brood, a total of 53 nestlings were collected for this experiment (5 d old, n = 17; 11 d old, n = 16; 20 d old. 
Measurement of Resting Metabolic Rate
Nestlings were removed from their nest boxes at night (2100 hours ± 1 h) and kept overnight (9-11 h, depending on capture time) at 30°C (40°C for 5-d-otds; see below) in a temperature-controlled cabinet (PTC-1-30, Sable Systems, Las Vegas, NV) inside a cardboard box filled with facial tissues. RMR measurement started at 0700 hours the following morning, at which time all the nestlings were awake and exhibited no signs of discomfort. Each bird was placed in a separate stainless (1.40 L, 5 and U d old) or Plexiglas (3.5 L, 20 d old) metabolic chamber that received dry CO,-free air (scrubbed by passing the air through a Drierite and Ascarite column) at a flow rate of 550-570 mL/min STP (measured by a mass flowmeter; model 810C, Sierra Instruments, Monterey, CA). European starlings are not fully homeothermic and endothermic before 11-12 d of age (Clark 1982; Ricklefs and Webb 1985) . We therefore maintained the ambient temperature in the cabinet at 40°C (i.e., normal adult body temperature; Prinzinger et al. 1991 ) when measuring 5-d-old individuals and at 30°C when measuring 11-and 20-d-old nestlings. This latter temperature is within the thermoneutral zone for aduît starlings (Biebach 1979 (Biebach , 1984 .
Oxygen content was measured in the outflow air (FC-1 analyzer. Sable Systems) by subsampling the line (air dried and scrubbed of its CO, before O; analysis), and the air analyzed was coming from one chamber at a time (selected with a valve multiplexer; model TR-RM4, Sable Systems). Ten minutes before and after each measurement, this air was compared with a reference air sample (also scrubbed of its water and COj content). For each measurement session, the birds were left in their metabolic chambers to habituate for 1 h before starting the measurements. Each chamber was sampled in a sequence for 1 h, and V03 was calculated using the Datacan software package (Sable Systems). RMR was designated as the lowest V02 for 10 consecutive minutes during the hour of measurements. Measurement sequence did not affect RMR (F, " = 0.6, P -0.6). We do not have respiratory quotients, so we calculated a range of RMR values in kj/d for each age group. To do so, we used the lowest and highest possible energy conversions: 18.4 kJ/L O; if the animal was consuming protein as fuel and 20.9 kJ/L O^ if the animal consumed carbohydrates (Schmidt-Nielsen 1990) . Body mass {0.00 g) was measured before and after metabolism measurements, and the average mass was used in the analysis.
Body-Composition Analysis
Following RMR measurements, each bird was killed by exsanguination under anesthesia (mixture of ketamine and xylasine 50: 50) and dissected for body composition. The organs collected were liver, heart (only the ventricle, because earlier tests showed better constancy in the dissection technique), kidney, gizzard, pancreas, small intestine (hereafter called "intestine," connective tissues and fat manually removed and emptied of its contents by pressing along its length with a probe), pectoral muscles (left side only; data multiphed by 2), and the complete left leg (thigh and calf). Leg bones in 5-d-old nestlings were soft and proved very difficult to extract from muscle tissues in a consistent manner, so for comparability, we kept the bones in with the leg muscles at all age stages. In the early stages of growth, leg bones were growing together with total leg mass as indicated by positive relationships between tarsus length (an indicator of leg bone length) and leg mass (5 d old: r' = 0.60, n = 17, P<0.0005; U d old: r' = 0.57, n = 16, P< O.OOI). By 12 d of age, the structural growth of the leg was nearly completed (less than 2% increase in tarsus length per day; data not shown), and thus most of the mass gain between 11 and 20 d of age was due to muscle tissues (no significant relationship between tarsus length and leg mass at 20 d of age; P = 0.4). Therefore, given that most of the leg muscle growth appeared late in development (between 11 and 20 d of age; see "Results"), we consider leg mass as a good indicator of leg muscle growth. Feathers were plucked from 11-and 20-d-old nestlings. All organs, feathers, and the remaining carcass were then frozen (-20°C) for subsequent analysis. Organs were later freeze-dried (model 8ES, Virtis, New York, NY) to constant mass and fat extracted in petroleum ether using a Soxhlet apparatus. The carcasses were ground to form a homogenous powder before fat extraction. Dry body mass was calculated as dry carcass mass plus dry organ mass. Lean dry body mass was calculated as lean dry carcass mass plus the mass of the lean dry organs. Water mass was calculated as fresh body mass minus dry body mass for the 5-d-old group and fi-esh body mass minus dry body mass plus dry feather mass for the 11-and 20-d-old birds. Although water and fat (Scott and Evans 1992) -and, in the case of 5-d-old nestlings, yolk (Steen and Gabrielsen 1986)-have no or very low levels of energy consumption, they may nevertheless introduce a "dilution effect" in the analysis with regard to metabolic rate. We therefore analyzed lean dry body and lean dry organ mass data unless otherwise stated.
Energy Investment in Tissue Accretion
Body-composition data allowed us to calculate gross energy investment in tissue accretion during the periods of linear and plateau phases of growth. We used the measured changes in lean body mass and fot content between 5 and 11 d and between 11 and 20 d of age for these estimates. We calculated the approximate total amount of energy spent on protein and fat deposition using the costs measured by Pullar and Webster (1977) . That is 1.36 kj/kj for fat and 2.25 kj/kj for proteins. These values include both the energy deposited in the tissue and the energy spent in the physiological processes of tissue accretion. One gram of fat and protein containing 39.36 and 17.79 kj, respectively (Schmidt-Nielsen 1990)-the actual energy spent in tissue accretion independent of tissue energy content-is 14.17 kj/g ([39.36 X 1.36] -39.36) for fat and 22.24 k)/g ([17.79 X 2.25] -17.79) for proteins.
Statistical Analysis
We constructed the body-mass growth curve presented in Figure 1 from 1,187 daily body-mass measurements collected on all nestlings from 29 broods. To illustrate the individual and brood-independent pattern of growth for this locality, the growth curve was generated through a repeated measure analysis (mixed general linear model) testing for age (d) while controlling for individual (nested in brood) and brood. To represent the contribution of specific organs to nestling body mass, we used the ratio of organ mass to body mass. To represent nestling organ mass as a proportion of final adult target mass, we calculated a ratio of nestling to adult organ mass using data collected on adult starlings fi-om 1999 to 2001 (Vézina and Williams 2003) . We are aware of the statistical pitfalls that may be associated with the use of ratios to normalize the effects of body mass (Blem 1984; Packard and Boardman 1988, 1999) . However, in our analyses involving ratios, we do not intend to remove body-mass effects per se, but instead we wish to illustrate the relative contribution of each organ to total body mass at specific age stages. Therefore, we applied the arcsine-square root transformation to all ratio data before their analysis as advised by Zar (1996) , and we tested normality of the residuals using a Shapiro-Wilk test. No deviance from normality was observed in residual data. We thus consider that the use of ratios here is not creating a systematic bias in our interpretation of growth differences between specific organs. Aduh data came from nonbreeding and nestling provisioning females (we do not have body-composition data for males). Because adult body composition and body mass also vary between reproductive stages (see Vézina and Williams 2003) , the target organ mass is not an absolute value, and we realize that final target mass is therefore only an approximation. Comparing differences between age classes was carried out using one- 
Note. Different superscript letters indicate significant difference between age classes (see text for delails). Values are mean ± SD. LD = lean dry. RMR = resting metabolic rate.
~ . ' Only the left pectoral muscle was dissected; all vaiues are multiplied by 2 '' RMR in kl/d calculated from the average vaiue in mL 0,/h and based on a range of fuel from proteins to carbohydrates (see text for details).
way ANOVAs and post hoc Tukey tests on actual body composition and transformed ratio data. Relationships between continuous variables were investigated using Pearson's correlations.
There was a high level of coUinearity in organ masses at all age classes, which prevented us from using a standard multiple regression approach to test for body-composition effects on RMR. To remedy this problem, we used the approach adopted by Speakman and McQueenie (1996) and Johnson et al. (2001) using principal component (PC) analyses on the correlation matrix generated from the dissection data within age classes (Jolliffe 2002) . This allowed us to generate new, statistically independent, virtual variables (PC1-PC9) capturing 100% of the variation in the original data set (with 90% of the variation typically captured in the first five PCs). Each of these PCs are under the influence of specific organs or clusters of organs, which is determined by reading eigenvectors representing correlations between all nine original organ variables and each PC variable. PC variables are therefore interpreted as reflecting the influence of the organs with the highest eigenvectors. We then ran a stepwise multiple regression to determine which of the PC variables better described the variation in RMR for each age class. It is important to realize here that some organs may have very little impact on the variation in total body composition (e.g., high eigenvectors in PC variables explaining a fraction of the variance), but yet they may be key in explaining variation in metabolic rate. For example, some high-metabolicintensity organs known for their effects on BMR have very small relative sizes (e.g., 1%; Daan et al. 1990) . We therefore included all PC variables in the multiple regression analysis.
Results are presented as mean ± SE unless otherwise stated, and ratio data is presented untransformed.
Results

Changes in Body Composition
As the nestlings grew, overall body mass increased significantly (Table 1) . Fresh and lean dry body mass increased three-and fourfold, respectively, between 5 and 11 d of age ( Fig. 1 ; Table  I ). Five-day-old nestlings were on the linear part ot the growth curve for this population (i.e., most rapid growth), whereas 11-d-old nestlings were entering the plateau phase of growth (Eig. 1). Between the ages of II and 20 d, fresh body mass increased by 17.3%, while lean dry body mass increased by 49.5% (Table 1) . As the nestlings grew, the amount of body water per unit lean dry body mass, a tissue-maturation index (Ricklefs 1967 (Ricklefs , 1979 Ricklefs and Webb 1985; Starck and Ricklefs 1998) , decreased. That is, older nestlings had a larger proportion of their body made up of functionally mature tissues. At 20 d of age, the fresh body mass of nestlings was 90% of the body mass of adults measured at the same time (nestlings 69.3 ± 4.9 g, adults 76.9 ± 3.7 g, /i,"" = 677, P<0.0001).
Relative body composition changed markedly among the three nestling age classes ( Fig. 2A ; P< 0.0001 in all cases; see Table 1 for age effect on absolute lean dry organ mass). In 5d-old nestlings, the largest organs in the body were the gizzard (12.8% of lean dry body mass), liver (7.8%), leg (5.1%), and intestines (3.7%), and at this age, gizzard mass was already 42.2% of its target adult mass (Fig. 25) . When entering the plateau p)iase of growth, at II d, gizzard and liver were still Figure 2 . A, Proportion of nestling lean dry body mass occupied by the lean dry mass of specific organs within each age class. B, Nestling's lean dry organ mass relative to approximated adult target lean dry organ mass within age class. The dotted line represents equality between nesding and adult organ lean dry mass. Significant differences between ages within organs are represented by different letters. Statistical analyses were preformed on arcsine-square root transformed data, but the figures show untransformed values (see text for details). LD = lean dry. White bars = 5 d old, gray bars = 11 d old, black bars = 20 d old.
the largest organs in the body, but the relative contribution of the gizzard to total body mass had decreased such that both organs occupied the same proportion of total mass (gizzard 7.2% and liver 7.8%, of lean dry body mass; Fig. 2A) . Most of the organ growth appeared during the linear phase of growth. Indeed, at 11 d of age, even though lean dry body mass was only 48.9% of adult target mass, the livers, kidneys, gizzards, pancreas, and intestine of nestlings had grovm to 97.7%, 85.9%, 102.4%, 96.1%, and 68.4% of their final adult mass, respectively (Fig. 2B) .
All organs were not growing at the same speed. Indeed, absolute growth (g lean dry mass/d) between 5 and 11 d of age was roughly three times faster in the liver, leg, and gizzard (0.07-0.09 g/d) and about two times faster in the intestine (0.04 g/d) compared with the kidney and pancreas (0.02-0.03 g/d). During the plateau phase of growth, most internal organs were already well developed, and much of the total lean dry mass gain was made up of growing muscles ( Fig. 2A) . Indeed, pectoral muscles showed the highest absolute growth rate during that period (O.IO g/d). Even though lean dry pectoral muscle mass was not yet comparable with adult pectoral muscle mass, at 20 d of age, they nevertheless comprised 15.9% of total lean dry body mass in nestlings ( Fig. 2A) . In the adult starlings, pectoral muscles represented 21% of lean dry body mass (data not shown).
Resting Metabolic Rate and Its Relationship with Body Composition
RMR increased significantly with age (Table 1) , increasing by 3.6 times between 5 and 11 d of age and 1.5 times between 11 and 20 d of age. RMR was linearly related to fresh body mass in the three age classes ( P<0.0001, intercept = -5.5, slope = 2.7; 11 d: r = 0.57, f-,,^ = 6.2, P<0.05, intercept = -77.2, slope = 3.9; 20 d: r = 0.48, /-.ü = 5.6, P<0.05, intercept = 50.2, slope = 2.6). The slopes of these relationships were not statistically different (ANCOVA, fresh body mass x age interaction, P = 0.7) but there was a difference in intercept between the three age classes (age; ^2.52 = 21.7, P<0.0001; least square means: 5 d = 137.6 ± 21.6 mL OA 11 d = 127.2 ± 8.1 mL OJh, 20 d = 175.2 ± 13.3 mL 0/h). However, when performing the same analysis controlling for lean dry body mass, this age effect was not found (lean dry body mass x age interaction, P = 0.2; age, P = 0.6), confirming a linear increase in RMR with lean body mass ( Fig. 3B ; relationship across age stages, r = 0.97, i\,5o = 792.2, P<0.0001, intercept = 7.9, slope = 16.1). i: Stepwise multiple regression models using independent principal component variables revealed that RMR was significantly related to four to five PC variables in each age class (Tables 2-4) . At all ages, the first variable included in the model was PCI. This variable roughly showed the same eigenvectors for all organs and explained 45%-87% of total within-age variation in body-composition data. PCI therefore reflects structural body size, and its relationship with RMR is not surprising. More interesting is the contribution of the other PC variables to variation in RMR because they reflect size-independent variation in specific organs.
Five-Day-Old Nestlings. In 5-d-oId nestlings, the next variables contributing to variation in RMR after PCI were, in descending order, PCS, PC9, PC6, and PC4 (Table 2) . PC8 was mainly negatively influenced by lean dry carcass mass, suggesting that at 5 d of age, nestlings with light carcasses would have high RMR, perhaps reflecting the effect of the relatively large internal organs. PC9 was negatively related to RMR in the regression model (slope = -22.6). The implication of this relationship is that organ variables that were negatively related to PC9 (negative eigenvectors) were in fact positively correlated with RMR. PC9 was mainly under the influence of lean dry liver and leg mass. Therefore, individuals showing high RMR also had large livers and small legs. The next two variables significantly related to RMR were PC6 and PC4, both having negative slopes (PC6 = -8.3, PC9 = -4.9). PC6 suggested a significant positive contribution of lean dry gizzard and heart mass to RMR variation. PC4 was also under the influence of these same organs but with a reversed pattern for lean dry gizzard mass, suggesting, in this case, a negative relationship with RMR variation. PC4 further suggested a positive association between RMR and lean dry intestine mass. Therefore, RMR in 5-d-oId nestlings was higher in individuals with relatively small carcasses and legs but relatively large livers, hearts, and intestines. Although mass variation in gizzard influenced two PC variables that were related to variations in RMR, the signal for this organ was mixed with both positive and negative influences and is thus difficult to interpret. Total variation in RMR explained by these PC variables was 88% (Table 2) . Eleven-Day-Old Nestlings. In 11-d-old nestlings, the next variables related to RMR after PCl were PC3, PC4, and PC2. PC3 was under the strong positive influence of lean dry kidney mass and to a lesser extent lean dry liver mass, suggesting that individuals with large kidneys and livers tended to have high RMR. PC4 was positively related to lean dry pancreas and liver and negatively related to lean dry gizzard mass, while PC2, because of its negative regression slope (-5.4), showed a positive influence of lean dry heart mass and a negative influence of lean dry gizzard and intestine mass on RMR. Thus, in 11d-old birds, individuals with a relatively large kidney, liver, pancreas, and heart but with a relatively small gizzard and intestine tended to have high RMR. Total variation in RMR explained by these four PC variables was 70% (Table 3) .
Twenty-Day-Old Nestlings. RMR in nestlings 20 d of age was also affected by three PC variables after PCI: PC4, PC2, and PC9. PC4 was strongly and positively influenced by lean dry kidney mass with a lesser negative influence of lean dry leg mass. PC2 was under the positive influence of lean dry pancreas mass and was negatively related to lean dry pectoral muscle mass. PC9 was related to RMR with a negative slope (-32.0) and therefore suggested a strong positive influence of lean dry carcass mass and a lesser negative effect of lean dry pectoral muscle mass. As in the 11-d-oId nestlings, individuals at 20 d of age that had a large kidney and pancreas were therefore likely to exhibit high levels of RMR. These individuals also tended to have a large carcass. Total variation in RMR explained by these four PC variables was 35% (Table 4) .
Tissue Accretion and Resting Metabolic Rate
Energy investment in tissue accretion between 5 and 11 d of age was estimated at 28.2 kJ/d. The liver, gizzard, leg, and intestines accounted for 22.2% of this value. Between 11 and 20 d of age, the energy spent on tissue growth was much lower, with an estimated value of 11.95 k]/d. Pectoral and leg muscle growth accounted for 43.2% of this estimate. The approximated cost of tissue deposition during the period from 5 to 11 d of age therefore represented 140.0% and 38.4% of RMR in 5-and 11-d-old nestlings, respectively (RMR here is the average of calculated range in kl/d; Table 1 ). During the plateau phase of growth, energy invested in tissue development represented only 16.3% and 10.9% of RMR at 11 and 20 d of age, respectively.
Discussion
Early postnatal body composition and development in altricial species is characterized by a disproportionate stomach size and rapid growth of the digestive organs such as the liver (O'Connor 1977i Ricklefs 1979 Lilja 1982 Lilja , 1983 ; but see Ricklefs et al. 1998) . Accordingly, in our study species, digestive organs (liver, pancreas, gizzard, and intestines) represented a substantial proportion (29%) of lean dry body mass in 5-d-oId nestlings. At 11 d of age, although nestling body mass was roughly half of average adult mass, liver, kidney, gizzard, and pancreas were already at or very close (i.e., 86% for kidney) to the final adult target mass. Relative water content decreased in growing nestlings, which indicates an increase in the proportion of metabolically active tissues and general tissue maturation (Rickiefs 1967 (Rickiefs ,1979 Ricklefs and Webb 1985; Starck and Ricklefs 1998) . As described by Weathers and Siegel (1995) and Weathers (1996) for altricial species (but see Mishaga and Whitford 1983 and Ostnes 1999 for exceptions), tissue maturation was paralleled by a linear increase in RMR with the development of body mass, presumably reflecting the accumulation of metabolically active tissues. However, a hnear increase in RMR did not reflect equal growth of all organs. Indeed, during the linear growth phase, absolute growth rate (g tissue added/d) was much higher in liver, gizzard, and intestine than in kidney and pancreas. During the plateau phase of grovrth, however, only pectoral muscles showed a marked increase in relative size. According to the "metabolic machinery" hypothesis, organs or tissues with high or disproportionate metabolic activity (i.e., high respiration rate relative to other organs or systems) are likely to correlate positively with overall resting or basal metabolism. Therefore, changes in tissue-synthesis rate or the metabohc intensity of specific organs between age classes, together with relative differences in organ mass, are likely to result in context-specific patterns of relationships between body composition and RMR, and this is exactly what we found, as we discuss below.
Interactions between Body Composition and Resting Metabolic Rate
Early in life there seems to be a predominant effect of the costs of synthesizing new tissues. Although our estimates of tissueaccretion costs are only approximations, they suggest that tissue growth represented a major contribution to RMR in young nestlings. Furthermore, the internal organs exhibiting the highest absolute growth rate between 5 and 11 d-the liver, gizzard, and intestine-were all identified as significant contributors to variation in RMR. The heart, an organ repeatedly reported as a significant contributor to the variation in BMR in adult animals (Daan et al. 1990; Weber and Piersma 1996; Burness et al. 1998; Chappell et al. 1999) , was also highlighted as an important energy-consuming organ at this age. Bech and Ostnes (1999) found a positive correlation between RMR and both liver mass and intestine length in I5-d-old European shags {Phalacrocorax aristotelis), when they were still in the rapid linear phase of growth. A stepwise regression further identified the liver as the only organ having a significant effect on resting metabolism. Interestingly, a later study on the same species (Moe et al. 2004 ) revealed that when nestlings are food restricted during this period of rapid linear growth, there is a decline in the mass of several internal organs, including the liver, accompanied by a 37% decrease in RMR. Again, liver mass was found to be a significant contributor to the variation in RMR (Moe et al. 2004) .
In 11-d-oId starlings, when most internal organs have attained or are close to their final mass, and at 20 d, just before fledging, a point were body composition is very close to adult organ proportions (see Vézina and Williams 2003 for adult data), the pattern of organs related to RMR was different than at 5 d of age. In 11 -d-old nestlings, we found a predominance of the kidney, pancreas, liver, and heart contributing to variation in RMR, while kidney, pancreas, and carcass were highlighted at 20 d. None of these internal organs were disproportionately large on a relative scale at this point, and by 11 d, except for the heart and carcass, growth was completed in all these organs. As with the heart, the kidneys have also been highlighted as a significant contributor to variation in BMR or RMR in adult animals, either separately or in association with other organs (Daan et al. 1990; Weber and Piersma 1996; Burness et al. 1998; Chappell et al. 1999 ). These organs, although typically representing only 1% of total body mass in adult starlings (based on Vézina and Williams 2003 data) , show high metabolic intensity in vitro (Krebs 1950; Schmidt-Nielsen 1984) .
Interestingly, no effect of pectoral muscles on variation in RMR was detected at 11 or 20 d of age, even though these organs were the fastest-growing body components between these time points. In European starlings, beat production by shivering attains adult levels by 12 d of age (Ricklefs 1979; Clark 1982) , while fiight capability develops rapidly between 15 and 20 d of age (Ricklefs 1979) . These organs are therefore already fiinctional before attaining adult size. It is possible that most of the pectoral muscle growth happened between our RMR measurements at 11 and 20 d of age, thus preventing us from detecting muscle growth effects on RMR. However, according to our estimates, tissue accretion during the plateau phase of growth might have only represented 10%-16% of RMR. This suggests that the energy investment in muscle development was not high enough to overshadow the functional costs of other organs. Accordingly, in 11 -and 20-d-oid nestlings, individual variation in RMR appeared to be affected by the size of high-metabolic-intensity organs, a pattern typical of adult animals (Piersma 2002) , rather than by the energetic costs of fast-growing body components.
Based on these findings, we suggest that RMR variation of growing starling nestlings highlights a transition in metabolic costs over time. During the linear phase of growth, energy is consumed mostly by tissue-synthesis processes with fastgrowing internal organs-such as liver, gizzard, and intestinehaving a large influence on the total energy used. Later, when nestlings reach the plateau phase of growth, the energy used is transferred to functional costs more typical of adult condition, with variations in mass of high-metaboUc-intensity organs likely to affect variations in RMR.
Context'Spedfic Nature of Relationships between Body Composition and Basal Metabolic Rate
Our data have important implications in the context of understanding the basis of variation in basal or resting metabolic rates in animals. They highlight the context-specific nature of relationships between organ mass and BMR or RMR. Here, our data suggest a transition in the underlying causes of RMR variation, from the metabolic costs of growing new tissues in developing nestlings to that of functional and maintenance costs of organs and physiological functions in fully grown birds. In adult animals, physiological systems are typically flexible and can change rapidly and reversibly in response to specific conditions (Piersma and Lindström 1997; McKechnie et al. 2007) , and this often includes significant organ atrophy and growth cycles (Secor et al. 1994; Piersma et al. 1999; Fox and Kahlert 2005) . Furthermore, the direction of changes in different components may be opposite such that positive and negative changes in energy consumption can cancel each other out in terms of net effects on BMR (Selman and Evans 2005; Vézina and Williams 2005) . Moreover, down regulation of BMR has been shown in certain species facing experimentally energydemanding situations, presumably as an energy-saving mechanism (Bautista et al. 1998; Deerenberg et al. 1998; Nudds and Bryant 2001; Wiersma et al. 2005 ), suggesting that short-term changes in BMR can also be independent of variation in body composition. The implications of all this are that the relationship between body composition and RMR or BMR depends on the specific physiological state of the animal at the time of measurement. Because body composition and tissue metabolic intensity are dynamic physiological traits, intra-or interspecific comparisons in BMR without consideration for the animal's physiological state is bound to be a complicated endeavor and, in our opinion, might produce seemingly contradictory results across different studies.
